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SECTION 1 |
INTRODUCTION

Yhis report describes work performed under the extension (Supplemeatal
Agreement P00007) of the Aircraft Hydraulic System Perforrance Aralysis contract.
This effort was a continuation of the basic‘conCracL, the results of which wece
reported in Reference (i). ,

The task invelved the development and verification by test of digital
computer models and/or programs in four areas.

1. HYDRAULIC LINE MECHANICAL RESPONSE (HLMR)

A test program was conducted to determine the mechanical resonances and
mode shapes of hydraulic lines due to internal excitation by flow/pressufe‘
pslsations from a typical piston-type hydraulic pump. The objective was to develop
and verify a computar program for predicfing line mechanical response bassd on
pump flow/pressure pulsations ptédicted by the Hydraulic System Frequency Response
(HSFR) program, which was developed during the basic contract. Basic data for
the design of central hydraulic piping systems was obtained as well as the effects
of an intermediate elastomeric pipe support. ‘

2. F-15 PISTON PUMP MODEL VERIFICATION

An F-15 instrumented hydraulic pump (Abex) was used during the basic éontract
to verify the pump Hydraulic Translent Analysis (HYTRAN) model., A direct case
pressure pickup was added to the pump and certain tests were repeéted. ‘Direct
case pressure data was utilized along with additional analysis of original veri-
fication data to further improve the pump model.
3. VANE PUMP MODEL DEVELOPMENT AND VERIFICATION )

HSFR and HYTPAN models were developed and verified by test for a variable
volume vane pump. The unit modeled and tested was the vane stage of the main
fuel pump (MFP~330) on the F-100 turbojet engine. It was designed and is supplied
by Chandler Evans Inc., Control Systems Divisfon. The pump was teéted using MIL-H-
56068 hydraulic oill consistent with previous model development work and the ’
established Hydraulic Performance Anslysis Test Facility (HPAF).

4. HYDRAULIC Moron HODE’L'DB’VELOPMNT AND VERTFICATION ‘

HS?R and RYTRAN models were developed and verified by test for a constant
digplacement, piston-type hydraulic motor. The unit modeled and tested was
designed and supplied by Aero-~Hydraulies, Inc., (The Garrett Corpoxation).

The test motor is used in the F-18 leading edge manuevering flap syatex, and similar

unites are used in F-15, F-14, and B-1 applications.
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Test methods and instrumentation were the same as described in Reference (1)

for test work during the basic program. Special test setups required for the
vane pump and hydraulic motor are described in subsequent sections of this repokt.
Computer models devdloped during the supplemental contract are in the same.fotmat
as those develoned during the original contract, and are coﬁpatible, "building
block™ additions to the HSFR and HYTRAN computer programs documented in References
(2) *hrough (5). ‘ | ,
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SECTION IL
HYDRAULIC LINE MECHANICAL RESPONSE (HLMR) PROGRAM

Hydraulic line vibrations due to pulsations from axial piston-type pumps
can create gerious problems in aircreft. These internal forcing functions cause
the hydraulic system lines to vibrate and transmit loads into supporting structure.
The importance of developing analytical tools coupled with experimental tests
was recognized by AFAPL and funds were.allocated in the program extension go
pursue this develoﬁment. o ‘

The objectives of the HLMR program efforé were to:

o Develop and verify a computer program for prediciting line mechanical

response due to predicted pump pulsations.

o Provide basi: data for the desigﬁ of piping systems.

o Provide information regarding intermediate supports.

The test progran in-luded determining thé mechanical resonances anﬂ mode
shapes due to pump excita. ‘on of three configurations: 1 straight pipe, a
pipe with a 90-deg. bend, and a pipe with two 90-deg. berds (dogieg). In
addition, the effect of an intermediate elastomeric supyort was evaluated.
1.  BACKGIOUND '

a.  Previous MCAIR Efforf

An initial effort to evaluate the mechanical response of a hydraulic ia-

stallation due to internal forcing functions was reported in Reference (6).
This preliminary investigation used forciug functions from the pressure and
flow transmitted by the pump, as provided by the KESFR computer program. Tae
resules indicated that the hydraulic line normalized amplitudes varied
directly with the intensity of the f&rcing function. Although the program’s
predictions indicated the amplitude trend, it did not dﬁplicate thé mechanical
resonances.

b. Literature Survey

A review of published literacuce was conducted to determine the extent
of work performed on fluid-line coupling analyses. Appendix A presents an
annotated bibliography of the literature surveyed. i ‘

It was determiﬁed that much effort has been devoted to analyzing large
piping s?stems transporting oil through the Arablan fieldé, water within Navy
shipboard piping, and academic stylized systems. Except fﬁr the Navy studies,
all analyses councentrated on straight pipes with differeat support conditions
and varistlious in internal finid velocity. None studied the coﬁp]ing between

hydraulic pump pulsatfons and line mechanical response,
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2. TEST SET-UP AND PROCEDURES

Three different pipe configurations »f equal length, Figure'l, were
installed in MQAIR'S HPAF test fixture, The specimens consisted of one-inch
outside diameter, with .. 'Sl-in. wall thickness, 3AL-2.5V titanium tubes;
a straight pipe, a pipe with a single 90-deg. bend, and one with two 90-deg
bends (dogleg). In each case the pipe was rigidly mounted at each end using
Dynatube fittings between brackets, Figure 2; attached to a steel plate. 1In
the test set-up, the pipe specimens were part of the pressure svstem between
the pump and the flow ccntrol valve, and isolated from extraneous mechanical
vibration inputs in order to determire only the effect of the pump pulsations.
The test circuit included a trombone'fube sectioq‘to permit adjustmen,vof the

standing wave location in the test specimen. The test fluid was MIL-H-5606B
hydrau]tc oil. '

Tests with an intermeciate support placed at the, locations shown in
Figure 1 were conducted to determine the effect of an elastomeric clamp on
line responses.

Six single axis accelerometers were installed on each specimen at the
same location with respect to the pipe centerline. ' Triaxial accelerometers
to record data sinultaneously along three orthogonal axis were not eﬁnlovoﬁ
since their weight wot ld have affected the line response. Lightweight siagle
axis accelerometers were used to minimize this effect. Tests had to be repeated
for each axis thereby im:reasing test time for each configuration.

‘Pressure transdw.ers and thermocouples were installed in the test
set-up. The standing praésure wave in the test line was determined as a function
of pump speed, by means of a roving transducer.

All the test data was run with a pump outlet flow of 2.0 gpm and a nomincl
pump inlet temperature of 130°F. Fach test specimen was run unclamped and
clamped before woving the accelerometers to a different axis. A pump . need
sweep from 1000 to 5000 rpm was made whilz recording analog data on tape«.

Data plots of acceleration as a function of pump speed were made from the tapes.

‘These plots were used to identify the pump speeds at each mechanical resonance.

Then, for each significant mechanical resonance condition,spectrum analyses
were obtained while dwelling the pump at the resonant speed. In additiern, the
phase relationship was obtained between a reference accelerometaer and all other

accrlerometers.
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3. TEST RESULTS

a. Pump Pressure Pulsations

The standing pressure wave was determined from the graphical data of fundamental
pressure peaks versus pump speed at a number of pre-set locations usiny 2
roving transducer. As prev’ usly mentioned, all test data was obtaineu with
a pump outlet f > »w of 2 gpm and a pump inlet temperzture of 130°F, '

The results summarized in Figure 3, indicate three resonance speeds.

Pump speeds above and below those shown have lower peak values and have

waves with translational nodes as seen in Figures 4 through 8.

100C
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FIGURE 3. HYDRAULIC RESONANCES
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b. Line Response

Line response data reduction was made in terms of mode shapes for the three
configurations. The graphical presentation made herein shows the normalized
deflection, base on maximﬁm amplitude/acceleration, &s a funciion of pipé
length for each resonance speed. In addition the reference acceleration
previously mentioned 1sléhown tor each case. For specimens with bends, the
inplane and out-of-plane modcsvare shoun for a visuvalization of the motions
involved. It is seen that the cushioned elastomeric clamp had no effect on
restraining the line (almost 1dént1ca1 mode shapes) but slightiy lowered
the acceleration.

(1) Straight Pipe
_ Both unclamped and clamped configurations exhibit almost identical

mode shapes, Figures 9 and 11, equivalent to fhe third harmonic at the samz
excitation level. Note that che line resonance condition coincides with the
second resonance of the stonding pressure wave. ‘ '

The clamped set-up had a slightly higher acceleration with the clamp

P WA b 0 n L b

providing no physical effect on the mode shape. However, 1t did produce

another distinct resonance, Figure 10, characterized by a longitudinal accelera-

? tion which was the highest for the straight line configuration.
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(2) One-Elbow Pipe
Unclamped and clamped configurations had identical resonahces, similar

mode shapes and accelerations slightly lower for the latter case. Both set-ups
had a recurring frequency at 1030-1035 Hz corresponuing to higher harmonics of
the pump speeds shown on Figures 12 and 15. The basic mode shape for these
cases have two nodes such that the inplane normalized deflections show the:

characteristics of the third mode of a cantilever or fixed~pinned beam for the

SO Y S

first leg, and the first mode for the second leg. The out-of-plane deflections
compare with those of the third mode for a fixed-fixed beam.

Peal acceleraticns for this configuration occurred at the elbow in the !
inplane direction. Intereétingly, the second standing pressure wave resonance ;
at 2900 RPM also excited a mode shape similar to the previously discussed
inplane deflections for 1035 Hz. ' However, there was little motion in the cut-
of-plane direction although only the clamped version was measured as seen in
Figures 13 and 15.

The only frequency occurving on the first hatménic of the pump speed is
at 653 Hz (4350 RFM) and produced the maximum accelerations for both the unclauwped

and clarped confipgurations with the latter having a stightly (tem percent) lower

L I YA HOEST AN 101

aczcelerations. The inplene wmode shapes, sesn in Figurees 14 and 17, are basically
the first leg wotion coupled to that of the second leg with the mexisum acceleration

measuremant at the atatfon after the elbow, away from the puwap.
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FIGURE 17.
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(3) Two-Elbow Pipe

Two fundamental resonances were encountered in this configuration for
the unclawped and clamped set-ups. Bothvsets have similar mode shapes. The
out-of-plane peak response occurs at 2900 RPM, the second standing wave resonance,
with the maximum deflection midway of the first l:g as seen in Figures 18 and 20.
In addition, the measured acceleratfons are close to each other. However, the
maximum accelerations occur in the inplane direction with lateral cross~tube
motions as shown in Figures 19 'and 21. Peak ecceleratfions in the clamped set-up
were 15 percent lower than the unclamﬁed version.

(4) Comparison Between Internal and External Data

Graphical superpositién of the peak pressures aqd accelerations are shown
in Figures 22 through 28 for the three test configurations. The general trend
for the straight and two-elbow lines is for the peak acceleration to occur
in the vicinity of zero peak pressure, and for the one-elbow line to have the
pressure and acceleration to‘peak almost simultaneously. A possible explanation
to this disparity could be thé number of section or legs in a line. Thus, a
gtraight and a two-elbow pipe conzist of "odd" sections, and the one-elbow has

"even" (two legs) sectioms.
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(5) Elastomer Flexibility ‘
The clamp elastomer was subjected to successive weights in the test

set-up shown in Figure 29. Also shown is a cross-sectional view of the wedge-shaped
yellow nitrile clamp elastomer. The results shown in Figure 30, indicate that with
increases of one-pound or five-pound weights produce equal slopes or a flexibility

(spring rate) of 1220 1b/in. This‘value can be ugsed in future support flexibility

studies.

(6) Strain Measurements

Strain measurements were made on the one-elbow (L-shaped) pipe in the

' unclamped and clamped configurations to evaluate pump effects. This was beyond

the scope of the program. Two gages were placed 3/8-inch from the line
specimen edge closest to the pump. One gage was installed to< register

_ the longitudinal strain and the other for the circumferential strain. The'
two gages were attached to the tubing 90-degrees apart with the circumferential

" strain on the bortom pipe surface and the longitudinal strain on the pipe surface

1 i MGt O e S s D o S b e Ak A M o i DM s A

towards the inside of the pipe bend (horizontal plane).
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The measured strains were approximately equal for all resonance conditious

encountered and are summarized as follows:

Test Set-Up , Direction Strain (Microinches/Inch)
Unclamped Lodgitudinal 250
, - Circumferential : 1080
Clamped Longitudinal ‘ 300
' Circumterential 1130

The calculated lon~itudinal and circumferential stresses from the measurad
strains were about 20 percent and 10 percent lower for the unclamped and clamped
configurations, respectively, than those stresses calculated from rressure and
geometric consideratioas,

The vresults are inconclusive and additional testing is needed, siace
F-1% Iron Bird has shown the expected variation in stress as a function of

{ motion,
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&. ANALYTICAL £ROCEDURES

a. :5£g}nclogz

As previously shown the frequency response data can be used to characterize
the shape of deformation of a line associated with each natural frequency or
resonance. These unique deformation distributions along the pipe are herein
referred to as wode shapes. These mode shapes provide visual means of analyzing
the dynamical behavior of a hydraulic line. '

A brief review of fundamental considerations in pipe‘vibrations is appropriate.

' (1) Degrees-of-Freedom
This refers to the number of independent quantities defining the position .

of a system. This means that a system consisting of a mass attached to a massless
#pring and constrained to a unidirectional motfon has one degree of freedom because
tha system is defined by the deflection of the spring. On the other hand, a simply
l":pcrt!d (pinned-pinned) beam or pipe has an 1nf1n1te numbter of degrees of freedom.
I .1 {8 due to the flexlbility of each element rolative to udjoining ones which
rcq ire an infinite number of element deflections to describe the position
culp . stely.

(2} Vvibration Modes

The nutber of principal modes is equal to the number of degrees of

frem‘om. Frequencies of the principal modes o1 oscfliation are called natural
frequencies. Thre lowest natural frequency is called the first or fundamental
od= of vikrzeion., & pipe, or beam, has an infinice numt~r of principal
ades.

(3) PResonance

Tesonanca 1s a phenomenon which occurs when a cystem 1s excited
perilodical? . (sich as by pump pulsations) with a frequency a* or very near the
natut 1 trequency of the system. At this condition, {f the demping of the system
is 3waii the system will respond with large amplitudes which have undesirable
sumietintl effecis. '

Betw?fb'supports or clamps, a pipe 1s a beam with uniform mass distribution.

Bat®h restrained length possesses an infinite number of degrees of freedon,
weigeiomizly vibration may occur in an Infinite number of modes singly or in
cﬁ&bi&ution. Tzble 1 gives an overview of vibration modes as a function of
wa: (7.0 supports. The frequency factor {multiplier) given in the right hand
column 15 an indication of how the higher model frequencies vary under basic
conditicns. TFor example, comparing the factors, the first and second natural
frequencies of a fized-fixed pipe will be the seme as the secornd end third

natural frequencies of a cantilever pipe with the same geometric characteristics,
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TABLE 1. PIPE FREQUENCY OVERViEW

©

SUPPORT MODES OF VIRRATION | FACTOR

FIRST j—* 5.52

CANTILEVER 'SECOND g 22 .4
THIR D S i 617
FIRST L~ ——=n 9.87

PINNED - PINNED SECOND B, =t N 39.¢
THIRD =" 88,9
1R ST P~ 15,4
FIXED-PINNED SECOND N 50.0

T"“RD» 2W '04
FirsT ' 4\«_/{ l22.-i~ J

= S

FIXED-FIXED SECOND

A el

THIWD T N F 121

b. Straight Pipe: Transverse and longitudinal Vibrations

For a straight pipe or beam, the transverse and longitudinal frequencies
have b:en studied by a number of authors such a; those in References 7 and 8.

A short computer program including the effe:ts of a fluid in the pipe
has been accomplished (Appendix B) and provided the inputs for Figure 31; which

shows the effects of varying pipe length between fixed supports. Reducirg the

length by one-half causes a four-fold increase in the fundamental frequency

and a potentially destructive effect if it falls within the pump operating

regime. Note that the frequency is approximately the same for aluminum, steel,

and titanium tubes. This is because the ratins of modulus of elasticity to dersity
for these materials are nearly equal. The factors shown indicate the effect of fluid
on frequencifes. Reducirg the pipe diameter or increasing the wall thickness lowers
the frequercy since for a y.ven length the modifying parameter is the

square root of the inertia-area ratio as shown in Figure 32. Although the

computer program presented in Appendix B is for a pipe with fixed or built-in

ends, tte fundamental and higher order frequencies for a straight plpe of

any lergth between varicus types of non-flexible supports can be determined

by menns of the frequency factors provided ia Table 1.

;
:
i
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FIGURE 31. STRAIGHT PIPE BENDING VIRRATIONS
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A brief investtgation was made into the effect of clamp elastomer flexibility,
Figure 33, which indicates that for midspan clamp tiffnesses below 30C 1b/in.
(test elastomer 1290 1b/4n.), the ériticalvspeed is only dependent on pipe
length. As the spting rate/stiffness is substantially increased, there ;s the
danger of having the critical speed within the pump operating regime.

¢. One-Elbow Pipe Vibrations

Programs were developed for the in-plaae and out-of-plane vibrations and
are included in Appendix B. For the inplane vibrations, the analyéis is based
oun simplified analysis using fréquency factors shkown in Table 1 for the
appropriate end conditions and modes. In addition, Dunkerley's method was
uced to find the coupling frequencies. The method is used to find the
approximate value of the €requencies of shafting systems. The formula is as

follows:

where f is the approximate fundamental natural freqﬁency of the system, and
f1, f2, f3, --- fn are the natural frequencies of a single mass of a mﬁlti-degree
of freedom system. The limitations imposed on the program is its applicability
to pipes with 9C-dez bend angles.

The results are show@ in Figures 34 and 35 for the test pipe size (1.00-0.D.

x .051 wall) and indicates the effect of material type and leg lengfh on frequency.

The numbered modes have been detailed in Table 1. It is seen that for a titanium
pipe of eaual leg lengths of 23 inches, there are no inplane vibrations of
significance within the pumﬁ operating regime.

For the out-of-plane vibrations, the analytical development is shown in

Appendix C and the computer program incorporated in Appéndix B. Computer runs

were performed for two different pipe sizes and the results are shown in Figure 36,

Variation of leg lengths and type of material ace not as important as the pipe

length betwecen supports., Thus, undesirable out-éf—plane vibrations are

encountered in the operatilag regime if the distance between supports are

in the vicinity of 20 ifiches or less,

d. Two-Elbow Plpe Vibrations

The inplane and out-of-plane vibration analysis were developed using similar
techniques as the one-elbow inplane analysis. The derivation of the equations of

mciion for the crrsspijpe (middle leg) translaticnal and torsional modes are
shown ia Appendix C. v
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5. MODEL VERIFICATION
a. Test Data Summary ‘
Pictorial representations of the relationship between resvnances and pump

speed, for the data previously reported, are summarized in Figures 37 through 39
There

The first set are the horizontal

for the straight pipe, one-elbow pipe, and two-elbow pipe, respectively.
are two basic sets of data in each figure.
lines which indicate the natural frequencies measured on the test set-up. Tue
second set is the radial arrangement of straight lines, with a common pofnt at
the origin of the rectangular coordinate system, which depicts the relationship
between the exciting frequency and the pump speed. These radial lines have slopes
equal to the harmonics of the pump, which is the number of oscillations per revolution.
The intersections of these radial lines (hydraulic exciting frequencies) with
the horizontal lines (ratural mechanical frequencies) indicate conditions of
resonance.
Although tests indicated three hydraulic resonances at pump speeds of

1600 rpm, 2900 rpm, and 4300 rﬁm, none excited a fundamental wechanical resonance.
At 1600 rpm no significant mechanical responses were measured in any of the three
test configurations. The other two pump speeds produced the larger responses in
terme of measured accelerations. ‘ '

(1) Straight Pipe

The test data summary is shown in Figure 37.
respond ing similarly to the third mode of a beam with built-in ends. The measured
I This is close to the computed value of 409.3 Hz.
This value

At 2900 rpm, the pipe is

frequency at this mode was 435 Hz.
At 4350 rpm, a longitudinal excitation was measured at 653 Hz. ‘

is almost half the calculated frequency of 1370 Hz indicating possible interaction
with pipe overhang just outside the supﬁotting brackets or the brackets themselves
when & clamp 1s used. . '

(2) Omne-Elbow Pipe

The hydraulic resonances at 2900 rpm and 4300 rpm resulted in predominantly
inplane motions. As seen in Figure 38, the peak accelerations were measured at
the first harmonic of the pump speed, with 315-G for the unclamped case reduced
to 286-G for the clamped version, on the accelerometer located after the elbow,
awvay from the pump. Higher order mechanical responses were measureé at 1030-1035
Hez which excited Soth inplane and out~of-plane motfions. The calculated out-of-plane
fundamental frequency is 43.8 Hz which is so low with respesct to the pump operating
regime that it precludes any coupling with mechanical or hydraulic resonances

for the system tested.
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FIGURE 37. HLMR TEST DATA SUMMARY
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Frequency - Hz

e s ey

1200
93-G 159-G Unclamped
1000 |- g
150-G Unciamped
i 84-G Clamped lr
800 . - / 1
| | -
g I 7
Pump
Operating
. Regime
' ‘ -
| |
2200 4300 —e——— tydraulic
i Resonances
I | |
2000 3000 4000 5000
OPre-e8-4

Pump Speed - rpm

FICURE 38. HLMR TEST DATA SUMMARY
One-Elbow Pipe
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FIGURE 39. HLMR TEST DATA SUMMARY
Two-Elbow Pipe
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(3) Iwo-Elbow Pipe

Similarly, the measured data is sv. arized 1n Figure 39. The two
rerdnances shown, with insets providing viaual represeutation of the wode ehapes, were
1»:ited by the first harmonic of the pump speeds st 2900 rpm (out-of-plane) and
#600 rpm (in-plane). The latter pump speed is slightly higher than the hydraulic
1asonance 2ssured at 4300 rpm.

b. Coaparison of Analytical and Test Results

The‘straighi pipe Qibré;ion modes aad frequencirs ave predictable, while
the one-elbow pipe out-of-plane fundamental‘frequency was calculated to be far
below the pump operating regime and consequently of little relevance. The one-
elbow pipe'inplane vibrations indicate that for the test configuration,the cclculated
axial and coupled axial-bending frequencies are Qibhin the expected accuracy limits
of th2 analysis but lower than the measured value. In the determination of the axial
frequercy, the entire fluid weight was considered to be contributirg to the total
component weight. The contribution of fiuid weight to the overall solution has aot
been studied as extensively as mechanical systems. The results of a brief study

into the variation of fluid weight on the axial frequency'is shown in Figure 40,

ELib: RED OIL AT 130°F, 3000981
‘ MATamAL:ThAmu M A28V
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FIGURE 40. ONE-ELBOW PIPE INPLANE VIERATIONS
' EFFECT OF FLUID ON AXIAL FREQUENCY
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A 33% effective flgid weight results in an accurate prediction of the sxial
frequency. Pipe sizes with ratios of flow area to cross-section a«a wh&éh
are very close to each other results Ia similer .fal frequencier Tt {ir
interesting to .note t»at Reference 8 suggests tra. in a spriug-mas' Lysiew tpe
determination of froguencies should take into avcouvnt one-thir? of this sPring

weight. The tzst results and analvsis are summarized as foliows:

Tzhle 2 - One-Elhow Pipe Data Correlarion

Pump

Speed Firequency (Hs) Mode Ideat.ficaricn
REY; Measured Caluulated S
1726 451 Axial (100% €151
2300 1030-1035 1035 Axial (332 fluid)
3440 ‘
29G4 870 . 860 Second bendiag
4350 ) 653 605 Second axial-vendiug
The two-elbow plpe computer output data were extracted for comparison vith
toae measured data acd the results are summarized as follows:
Tabie 3 - Twozklbow Pipe vyta Correlettov
P‘ump
speed Frequency (Kz) Mode Tdentification
RPX) e Lalcnlated ; .
2300 431 Coupled axial-bending
4600 634 Ax fal
34
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SECTION IIIX

F-15 PISTON PUMP MODEL VERIFICATION i

Further testing and computer program model development work was accomplished
on the instrumented F-15 hydraulic pump (S/N 038). The HYTRAN pump computer
model was enhanced. ‘ ¥

The instrumented pump used in the original AFAPL three year contract ‘ '
was refurbished by Abex. The wiped port plate and cylinder barrel were

i o

replaced, a case drain pressure tap was installed, and new O'rings were
installed. ' '

Steady state tests were rur. to recheck the case ptessute/f16w and the
heat rejection éharacteristics. .

The HYTPAN pump model calculation of case pressure was to be verified C a §
with the cas: pressure transducer, and tests were repeated for low and high flow
demands at several test conditions identical to those for the original pump
model verification. ‘

In addition tests were repeated at 4400 psi pump outlet pressure to
verify the F-15 pump transient model at the higher pressure. Frequency response
data was also taken to determine pressure pulsations at the 4400 psi test

pressure with the pump velve plate still timed for 3000 psi outlet pressure.

1. FREQUENCY RESPONSE TESTS

The refurbiéhed ¥-15 instrumented pump was used for the extended frequency
response testing. Outlev circuit pressure pulsations at 4400 psi were mappgd
in the same line locations as in the original 3000 psi.frequency response verification
tests. Total pressure pulsations and fundamental frequrency pulsations were ' ‘

measured at each location during the pump speed sweeps.
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a. Test Circuit Description and Coﬁxputer Mcdel ‘
A load valve was added to the transient test stand and test runs

were made on the system configuration shown in Figure 41 with MIL-H-5606B
hydraulic fluid. Figure 42 ghows the 9 ft. frequency response test section
which terminates at the load valve. The figure details the locations of the
measured data points used for the €frejquency mapping. A roving clamp-on transducer
was used to collect data atlthe indicated points bétween locations P3 and P2,
which were permanent transducer locations. For each test point a plot'of the
fundamental frequency and a oscilloscope trace of the total peak to peak

pressure pulsations were made as the pump swept from 1000 to 4200 rpm. The
steady state flow rate of 12.9gpm was somewhat higher than desired, but ic

was necegsary to keep the pump operating in a stable mode. HSFR input data for the high

pressure verification circuit is shown in Table 4§,

STEADY STATE tLOW
. CONTROL VALVE,
FREQUENCY ANALYSIS
SECTION ‘
LOAD
<>, 30 FTx1IN.OD. - VALVE
- > Loao Vauvg ]
mgeect F1§ TRANSICNT CONTROL
: VALVE
DRIVE ®_ INSTRUMENTED PUMP .
k&hr{ﬂaonwp L.
: sorm 'V‘EB 2
o 10
RELIEF VALVE (TVP)

' Bgsm
LY

500 PSID RETURN FILTER

[~ 8 ® &4 OPH
TUBBINE
> : FLORMETER
{TYP}
XCHANGER)—

Fa H;AND BOOTSTRAR
RESERVOIR l - ACCWULA\'OH

HEAT €

FIGURE 41. HYDRAULIC PUMP VERIFICATION TEST SETUP
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located at 83.41 inches from the pump outlet.

b. Test Results and Comparison to HSFR Program Predictions

‘The test data was manually ovérplotted on a reduced computer output

plot. Manual plotting and repfoduction distortion will introduce some error
in the correlation process.

Oscilloséope traces of the peak to peak pressure pulsations indicated resonant
frequencies at 1500, 2650 and 4000 rpm. These frequencies of course were identical to

thogse seen at the 3000 psi operating pressures. The highest pulsation recorded was

At approximately 4000 RPM they
were 1300 psi peak to peak'as indicated In Figure 43,

The fundamental peak pressure pulsation measured in the lab is presented

in Figure 44, At 4000 rpm there is a 300 psi peak to peak pulsation. This

indicates that the remainder of the pulsation energy is fcund at the higher
harmonics. |

The HSFR computer generated pressures at the mapping locations are presented

in Figures 45 through 54, The test data has been overplotted on the computer

output for comparison. The plots show excellent frequency correlation of 0-3Z (0 to

75 rpn) for the second and third resonant speeds of 2650 and 4000 rpm.

T e e m-,qw;,«m»wmmmrm-,?-

FIGURE 43. PEAK TO PEAK PRESSURE PULSATIONS B3.41 INCIES . { %
FROM PUMP OUTLET H
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Instrumentation error and temperature drift during testing could account for errors

" of this magnitude. However, HSFR predicts a first resonant speed that is sbout

200 rpm too low (1330 vs 1500 rpm). The predicted resonant point is below the

compensator valve's natural frequency of 1500 rpm. The predicted point does

not appear because it is washed out by the compensator valve whose dynamic

behavior 1is not modeled.

Figures 55 and 56 compare the computed and measured standing pressure waves

at 2650 rpm and 4000 rpm. The period of the wave shows excellent correlation

between computed and measured results, but the measured amplitudes are much

lower than the HSFR program predicts. At 4000 rpm, the predicted amplitude 1s

about 3.7.

_off by & factor of about 2.5 while the 2650 rpm values disagree by a factor of

Data is not available from the 3000 psi testing at the 12.9 gpm flow

rate for direct comparison to the data taken at 4400 psi.

Jowever, as expected

pulsations were higher with the 4400 psi outlet pressure because the pump valve

vlate remained timed for a 3000 psi outlet pressure.
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2. TRANSIENT TEST DESCRIPTION

Transient testing oflthe F-15 instrumented pump,with MIL-H-5606B
hydraalic fluld,invvstigated load level, speed, temperature and case
pressure effects at 3000 psi and 4400 psi pump outlet pressures. A
schematic of the test stand s presented in Figure 57.  Thirteen data
parameters listed in Tablevi5 were recorded duriné the testing. The
analog signals from the transducers were digitized by waveform recorders
and transferred to cassette tapes through the Wang programmable calculator.

A srmmary of the 3000 psi pump outlet pressure transient test runs
appear in Tgble 6. When clhecking out the reworked ¥-15 puump it was found
that turn-off transients tock longer to stabilize at the same test.
conditions established during the previous pump testing. It was noticed
that the pump actuator pressure during a turn-off transieht peaﬁed between
3000 and 3500 psi, and that the hanger hit its stop about three times v
beforé étabilizing out. Before the instrumented pump was sent back to
Abex, the actuator pressure would peak at approximately 2400 psi. The
compensator setting was readjusted to see if this would decrease the
actuator pressure. fhis had very little effect. The compensator spool
valve was removed and inspected but nothing was found that could cause
the unexplained increased in actuator pressure. The turn-on transients

generated similar data as the previous‘tests,although the pump case drain

pressures were now higher.

'

LOWLEVEL
STEADY STATE

Y X MR VIN.OD. CONTROL VALVE

or Xn

Py e, ‘P, O.[ /-Joﬂ'um,oo. @ LOAD
n >

T VALVE
] &
oy P
onvE P18 INSTRUMENTEQ PUMP
TRANSIENT
pos CONTROL
VALVE
Py r"% ry ! CASE DRAIN
FLOW CONTACY, VALVE
‘FRETURAN
FILTER
BONTSTAAP U
CONTAROL, :
ACEURULATOR H ;
MO N M20 OUT . |
- MEAT EXCMANGER
F4 AESEAVER

FIGURE 57. HYTRAN PUMP MODEL VERIFICATION s
TEST SETUP i /
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TABLE 5 TRANSIENT TESTING DATA RUN. PARAMETERS

P .« ... . Pump Control Prassure (Actuster Pressure}

L . .. .. .Pump Case Draln Pressurs: Ine rosl

P2 L ... .Casu Dratn Lioe Praseurs: External i .
r” .. . s o« Pume Outlst Pressure

PS . ... .. Suction Prassurs

.. ... .Beservoir Preseure

P oo .o . . Preteute 378 Inches from Pusp Ouzlet

XV .« . ¢ .. Transfeat Control Valve Position

XH .+« .+ . Pump Ranger Poaftion

XC + ¢ o o o & Punp Compansator Spool Position ’
BT+ ¢ o . o . Drive Torque
... -lhouuu at Port Plate
» » Outles ¥low

e
.
.
.

TABLE 6 F~15 PUMP TRANSIFNT TESTS AT 3000 PSIG OUTLET PRESSURE

W s TYPE OF STEADY STATE
TRANS : 2T FLOW LEVEL(CIS) DRIve APPROX STEADY STATE RESERVGIR
INTTIAL FINAL INLET TEMNP(°F) SPEED{RPY) CA.S! PRESSURE (PSIG) PRESSURF (PS1G)

R T L S e e~ e e e e
e e S R T T e e S T o MNM‘_“__‘*‘*"

N-0rexx " Turn-On 2 19.25 13 000 : 70 56
4-01-xx Turn-0ft 19.23 2 133 4000 70 5
% axx furn-On 2 3.5 130 4000 70 53
S X farnoer ass 2 235 4000 70 5%
M AdIXX Turn-on 2 77 130 4000 10 49-55
b xx Tura-ngt 7y z 129 4000 70 : 34-50
$4-AGXX Turn-on 2 854 193¢ 4000 70 46.3
P4-A6-XX Turn-0ff 184 2 130 4000 70 4.8
ster grrvcs i

H-CTHRX Turo-on 2 7 m 3000 7 sz
94-07.2x Tutp-0f £ 77 2 129 . 3000 70 s
%4-08+cx Twro-on 2 ” oz 5000 10 ‘ s0 ‘
408 XX Turo-Of ¢ »” 2 130 3000 o 0 $5.8
e ereecr

WoASHIX T Yurn-om 2 77 m 4000 7 35
A% XX Turn-0ft 37 2 ns 4060 0 ‘ 39
<Atk messues grercrs ‘

84-034x% Turn-0a 2 77 130 4000 100 [y’
M-03x% Nru-otf 3y 2 10 4000 100 C o83
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When the instrumented pump wa3 shipped to Abex for refurbishr:nt, they
found that the port plate was wiped. A wiped port plate provides a modified
leakage path to ialet from case. The increased leakage flow to. inlet results
in lower case pressures (58 psig typical). With the modified pump t!is
lezkage path was eliminated and consequently the case pressures were lhigher
{80 psig typical). With higher case pressures,the ability for the actuator
to dump fluid while destroking on a turn-off transient is lessened. Thus it
might take slighrly ldnger for the pump *o destroke, and the increased oscillations
may be due to this couapled Qith h'gher case pressures causing the compensator
to take longer to reach a steady state (force balance) condition,

The pump compensator was adjusted to give a 4400 psig pump outlet
pressure. Some of the transient tests were‘repeated at the higher pressure and
they are summarized in Table 7. Although the pump was capaBle of atta@ning

higher outlet pressures, it was necessary to iimit the pressure to 4400 psi
to avoid excessive outlet transients due to the limited compensator stroke,

aud the necessity to measure this movement at the higher pressures.

TABLE 7 F~15 PUMP TRANSIENT TESTS AT 4400 PSIG OUTLET PRESSURE

'

STEADY S1ATE . RESERVOR
[t¥e arf How LEVEL(CES) BRIVE SPEFD APPROX CASE PRESCIEE
RUN RUMBF- TRANSIENT INLEEAL T'INAL INLET 1EM0d"F) (Krv) DRAIN PRESSURE{#SIG) (s

LOAD Lévet VFFRCis

Wh-O] X Threr-1m 12.0% . 1 Wy NG 20 52
9t-17F -XX Turn-oft iy T 12,28 100 0o 70 I 4
960 14XX Tirn- on , 17,25 ' 4.5 100 0 10 sz
96~ 03- XX Yurn-ptf RS 17,25 100 00 i 53

TEMPERATURE EF¥E T

k-0 K Tutn-in 12,25 12 2o pitio) mn 53
Fh-04-XX T4 I 17.25 201 VM 2 $3

UASE PRESSURE SFFEITHE

hH-7XK . Tuen-On 1125 27 1en 000 190 S0
F6-07-4% Tura-nft 4 i7.2% Ui 000 0 $2
48 '
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During the testing it was found that the pump compensator was very
unstable at steady state flows less than 17.25 CIS and fluid temperatures
much greater than 100°F. The transient test also had to be run at 3000 RPM
inntead of 4000 to stabilize the compensator. VFigure 58 shows the
pressure upstream of the transient control valve for a turn-on transient
from 2 - 19.25 CIS at 130°F. The transient control valve was not activated
until 0.02 seconds into the test run. Between 0.0 and 0.02 seconds the
pressure varies 400 psi due fo the compénsator 1ns§ability. Increasing
the steady state flow helped to alleviate the problem.

3. PROGRAM CHANGES AND HYTRAN PUMP MODEL VERIFICATION

The objective of the extended testing was further verification of
the HYTRAN F-15 pump model. The HYTRAN program schematic of the test
system is shown in Figure 59. The recorded inlet pressure and external

case drain pressure were chosen as the boundary conditions for the simulation.

The suction pressure transducer was located 55.75 inches from the pump. inlet,
and the case transducer was 18.0 inches from :he case drain port.

A HYTRAN component model (TEST91) was written to input the test data as
boundary conditions in the simulation. The subroutine TESTI1 uses the input

pressure data to compute the flow at time t in the simulation using the . .

equation:
Q= C - P(t)
YA
where

C = 1line characteristic (PSI)
Z = 1line impedance (PSI/CIS)
P(t) = P data pressure value at time t (PSI)
The input test data was filtered to eliminate excessive noise and
reduce computation error in the simulation. This was accomplished by ‘ :

using a 100 Hz filter on the pressure signals when they were played back from

the analog tape into the waveform analyzer. Use of the filtered tect data

also reduced the same error that might be introduced by imperfections in other
cowponent models. The remainder of the system in Figure 59 1s .the HYTRAR

model of the actual test set~up from the pump ocutlet to the load valve. Component
Type 23 1s the transient control valve and the two Type 41's are restrictors

used to control the maximum and bypass steady staté flow rates. The dimensions
were taken from the test stand. Table 8 presents the typlecal BYTRAN {nput

data used to describe the test schematic in Figure 59.
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TABLE 8. BASIC HYTRAN INPUT 3000 PSI HYDRAULIC SYSTEM
‘ 2-77 CIS TURN-ON TRANSIENT

eoeonATA KUl N0, F4-AUIPE AND P2 F-1Y PURRS LS (OPTNTIN)
L) . ¥ 1.

. k] ? ¢
’ i
: L] 3 L4 . . [ 95,73 1.6 e 1.n?
3 [ 4 3 e [ [ 4 . is,ve o375 oin [N 134
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L3 1 ) e [ [ ] [ 4.0 50 (21] Jouk?
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* L] L 2N ] * [ ] [} . .8 ey 3007
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143 [ 2 1
[N ]] L] 3 -4 -5
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L. 0% 0218 o2
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13 a3
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a. Y-15 Pump Model Changes
During the original AFAPL contract,extensive testing was done on the F-15
instrumented pump.: The HYTRAN model adequately predicted the fnitial
transients and general operating characteristics of the actual fnstrumented

pump. However the transient decay was not accurately computed. The follow-on
contract work Las emphasized improving the damping of the pump model. Not ‘ : }
adequately defining the damping characteristics of the actuator, hanger - :
and compensator are some.of the areas that would cause this problem.

The original HYTRAN pump model computed the actuator leakage coefficient

as a linear relatfonshin between the leskage coefficlient at maximum

L Lt s s

pump displacement and actiator position plus the leaksge coefficient i
at zero pump displacement. This flow along with case pressure plays

a significant part in determining the‘damping characteristics of the

hanger. The camputation for actuator leakase was updated using an

equation for fully develbpeﬁ lsminar steady flow between stationary , ;
;ﬂ flat plates. (Eqn 1) :
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Q= w>
12yl

where

AP ' o | 1)

- fluid viscosity (lb-seclinz)
Q = flov rate (cis)
AP = pressure drop (psi)

b = passage height (in)

w = passage width (in)

L = passage length (in) ‘

The user inputs the depth of the flat cut on the actuator and the
minimum actuator engagement which occurs when the pump is at minimum outlet
flow. The new computation method has slightly improved the pump model.

The effects of adding a velocity tern due to the motion of the actuator
were small for the pressure drops (1000 psi) and actuator rates (50-60in/sec
ﬁax) of the pump, so it was not included in the computation. .

Another area of investigation was the flow forces on the compensator valve.
The‘original HYTRAN model contained a simplz computation describing these forces.
Efforts to improve the computation did not prove fruitful. Removal of
the flow force term did adversely alter the simulation, thus it was not
changed.

A paramet . study was performed on the F-15 pump model to determine
the sensifivity of the input data in the computer éimhlation; Four inﬁut
data parameters were investigated for turn-off and turn-on transients
at a pump speed of 4000 rpm, 3000 psilpump outlet pressurc, steady state
flows of 77 CIS and 2 CIS, 130°F system operating temperatuc-e and a control
valve operating time of 4 milliseconds. The pzrameters investigated were
hanger damping, actuator displacement, coefficient of pump leakage and
case volume. ‘ ‘

The hanger damping term had the most significant effect on the damping
-frequency of the pump model. Thé hanger damping verm accounts for velocity
dependent friction factors which include the effects on the changes in

precompressicn and decompression when the hanger iz in motion.
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Initial attempts to alter this term did mot prcve successful because
of the limited knowledge abour the case pressures which affected the dynamics
of the hanger, With the addition of the internal case drain translucer,
it was possible to significantly vary the damping term and monitor the
computed case pressure, the hanéer position, actuator, ovtlet and inlet
pressures to assure that these values were not dev;ating from the Eeasured
values. The term was varied until a value was reached that would give good
correlacion betw. en the computed results and the measured test data. Figura
60 shows the pump outlet pressure for a turn-off transient at 77 CIS and
130°F with the hanger dawping term at 25 lbg/in/sec. Although the initial
peak pressure correlation is good the subsequent decay of the computed
vaveform is at a higher frequency. This was the best currelation obtained
uader the original contract. The value of‘hanger damping was varied and Pigure
61 presents the computed results at 45 and 125 lbs/in/sec. The 125 value significantly
slowed dowp the simulation and the 45 valué appears to be the optimum. Increasirg
the hang}.t damping in an attempt to obtain ‘good period correlation for the
turn-r.f transient leads to sn undesirable increase in the amplitudes of the
comyated data. This amplitude behavior necessitstes stopping short of the
va'.ue that nigfxt givev the best period correlation. '

Bttt e o fo Tttt 18 et o vitlil o —

PIGURE 60. OUTLET PRESSURE Wi_d HANGER DAMPING TERM AT 25
77-2 CIS TUBRN-OFF TRANSIENT TEST 3000 PSI 13C°F

33

'




e e

10,0000 .
D00 COMPUTIBHNES (PR 28
L0 SOMPUTEO: NN Daswe s NS
— ATA N N0, 54440
uu.uu.

. ‘ %m‘m’“ﬁ‘“ﬁ%% LI fogohia ;ﬁ’o’ﬁimlrﬂ" HH gsscare ve widlthie 1 — .

FIGURE 61, HANGER DAMPING TERM AT 45 AND 125 ?
77-2 CIS TURN-OFF TRANSIENT 130°F 4000 RFM :

A value of 45.0 lbslidlseé yieldéd the best correlation for the simulated
conditions. The pump outlet pressure £tom.a turn-on transient rﬁn at 77 CIS
and 130;F is shown in Figure 62. The hanger damping term was 45 lba/in/sec
for this run. In general the turn-off simulation required a slightly

larger hanger damping term than the turn-on case.

The pump model was then run at 38.5 CIS. A value of 70 1bs/in/sec
was used to obtain the correlation shown for thg pump outlet pressure in the
turn-on transient of Figure 63. However the same value for hanger damping did
not significantly improve the computer simulation of the 38 CIS turn-off
transient shown in Figure 64. ‘

Time has not allowed investigation to determine an algorithm for the
h&nger damping term for all the cases recorded in the laboratory. It is desirable
to develop‘a method that could be incorporated into HYTRAN to choose the best
turm based on system conditionms. Further work in this area is needed. '
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130°F 4000 RPM

The coefficient of pump leakage was varied for various turn-on and turn-off

transient runs. This term had very little effect oh‘ the simulations and appears

to be a good candidate for removal.

Varying the actuator displacement had an adverse effect on both turn-on
and turn-of £ transient simulations. The present maximum and minimum value
are optimum, ‘

3 to 48 1n3 (which is the correct

The case volume was changed from 250 in
value) with only a minor change in pump outlet pressure amplitudes.
Appendix D presents the revisions to the pump input data and the PUMP51

subrouvtine listing.
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b. Pump Model Verification for 3000 psi Transient Tests

Using the input data in Talle 8 for the system shown in Figure 59, a
turn-off transient at 77 CIS and 130°F was run. Figure 65 ghows the input
data boundary conditions for this simulation. The results of the simulation are
presented in Figures 66 through 69. The computed pump outlet pressure in Figure 66
compares well with the test data both in magnitude and phase. The computed
results are conservative after the initial transient response at approximately
50 milliseconds into the simulation. The computed peak actuator pressure in
Figure 671is 3300 psi while the measured value is cily 3000 psi, “about a 10
percent error), but the subsequent response is ve:jy good. The computed internal

case pressure matches the test data exceedingly we.i The case pressure trans-

ducer was located in the area of the compensator valvz. There is a 1/8" dia -
hole x 1 3/4" loné path between the transducer and the =ctual case. Statically,

the effect of the long orifice is to reduce the pressu-e. Dynamic effects

e ——

could result in peak pressure attenuation and misphasi '3 between the two internal
case prssures, however, this does not appear to be the -~ase. The hanger position
is plotted in Figure 69. The measured data cuts off at -.18 inches but the
computed value reaches -.24’1nches. There is a similar discrepancy for the
overshoot at 80 milliseconds in the simulation. The phasing between the measured
and computed position is adequate. The amplitude corr.*ation is relatively
poor, although the transient flow does settle .to the proper steady state value.
The computer printout data is the actuator position. The hanger acts
as a lever arm between the actuator énd the restoring spring where the‘measurement
of hanger ﬁosition was taken. The computer actuator velocity term 1s integrated
to obtain the resultant displacement. A simplified Euler integration is used.
Perhaps a more sophisticated technique would‘work better, but at the expense
or increased computation time and operating costs. Improving these results may
prove to be unattractive. )

The next computer simulation was for a turn-on transient run using the
same conditions as the previcus run with the ipput boundary conditions of
Figure 70, The computed pump outlet pressure in Figure 71 almost matches
the data trace. The computed actuator pressure (Figure 72 ) and internal case
presgure (Figure 73 ) also follow the measured data. The computed hanger
position in Figure?4 is about 0.12 inches below the measure data. The final

predicted value however is very closc to the test results.
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Turn-on asnd turn-off simulation were made st a steady state flow of 38.5 CIS.
The input data file for the turn-on tranéieAt i1s shown in Table 9 and the
boundary conditicns in figure 75. This computer output data for outlet pressure,
actuator pressure,case drain pressure‘and hanger position are shéun in Figure 76
through 79. I 1

This boundary couditions for the turn-off transient at 38.5 CIS and 130°F
is shown in Figure 80. The output data is presented in Figures 81, 82,
83, and 84.

The general cbmputed vs measured data correlation is better for the turn-on
transients. Both amplitude and period characteristics of the data fit much

better than for the turn-of f case. This 1is also true for the 77.0 C1S runs.
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. ¢, Pump Model Verification for 4400 psi Transient Tests

A HYTRAN gimulation was made of a turn-on transient from 17.25 CIS to
77.0 CIS at 99°F and 4400 psi pump outlet pressure. The input data is presented
in Ysble 10 and the boundary conditions are shown in Figure 85. The orifice
and valve opening were computed to obtain the correct starting and endimg flows.
The output gréphs of pump outlet flow, actuator pressure, internal case pressure.
and hanger position were ovetplotteﬁ vith test data as shown in Figures 86,

87, 88 and 89. The correlation of cdupdted outlet pteASure and actuator pressure
to test data is gocd at the higher pump operating pressure. The computed

_case pressure show a little instabilirvy bug follow the general wave shape of

the test data. The computed hanger position lags the measured data but it looks
quite good.

I The foput boundary conditions for the turn-off transient at the same test
conditions is in Figure 90. The results of the EYIRAN simulation are showr in
Figures 91 through 9. The initial pump outlet pressure prediction is good
but the rcmputed actuator preusures are high.

As with the 3000 psi data the correlation is better both in amplitude and
period for‘the turn-on transient case. The turn-off transient. generally requires
a larger hanger damping term than the turn-on case. But a value of 60 1bs/in/sec
was used in both simulations.’
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d. F-15 Punp Model Verification Using The Complete Test Stand Model

The enti‘e F-15 instrumented‘pump test stand was modeled with the HYTRAN
program. The HYTRAN block diagram of the test system is shown in Figure 95
The elements which make up the system are opilli into lires and components,
The lines are numbered sequentially and have upstream and downstream ends.
The components are also numbered in a separate sequence. Node numbers
are assigned to the foints at which the flow divides or combines under steady state
flow conditions and leg numbers are labeled between two nodes. The simulation
congisted of running the HYTRAN‘progtam under the same lab test conditions. The
first simulation was of a turn-on transient at 130°F and from 2-77 CIS steady
state flows. The reservoir test data in Pigure 96 was input as a boundary
condition. The results of the computer simulation are shown overplotted with
the test data in Figures 97, 98, 99 and 100, The plots of outlet pressure,
actuator pressure and hanger position correlate well with the test datz,
The computed internal case pressure in Figure 99 however does not match
the measured results. The calculated pressure values are about 60 psi higher
than the data, and the phasing between the twovis incorrect. With the external
case pressure as a boundary condition this misphasing did not occur.

“The nextisimulation was for a tufn—off transient at 130°F and 77.0 CIS.
The input reservoir pressure is shown in Figure 101. The computed outlet pressure
in Figure 102 {s able to predict the ma#imum amplitude of the first pressure spike
but this model undershoots on the subsequent response between 0.050 and 0.090 secondé
in the simulation. This undershonot also misphases the measured and computed results.
This undershoot characteristic did exist for the turn-off run with the inputted
case drain and suction pressures as boundary conditions, but it was not as prevalent.
Further work in the area of amplitude damping should correct the medeling discrepancy.
The actuator pressure a&nd hanger positions are overplotted with test data in Figures
103 and 104, The internal casze pressure plot in Figure 105 shows adequate phase
correlation but the amplitude predictians are off., ‘

The next attempt at total system simulation was not to use inpat data as boundary
conditions. This was dong to test tﬁe basic accuracy of the HYTRAN program without any

external forcing factors. ‘ -
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The turn-on transient was made with the test conditions of run number 94-~0(XX.

For the turn-on transient simulation, the load valve was sized to dtop 3000 psi

at 154.0 CIS. The reservoir pressure was 80 psia. A listing of the HYTRAN

input data for the turn-on simulation at 130"F is shown in Tabhle 1l1. Figures 106
and 107 show computed pressures at rwo ]oﬁations along the pump outlet line,
Corresponding test data has been overplotted for compa:isoh. The initial and final
steady state pressure levels are correct for the simulation.

For a tuin-on transient tae pump des’ cokes to supply the demanded flow. In
the HYTKAN simulation the pump model 1s able to adeguately do this. The snhsequenf
regponse to the operating steady state pressure however is slightly faster than
the measured data as shown in Figures 106 and 107 at 80 millisecouds into the
simulation. A lag could be programmed into the compensavor circuit to delay the
build-up in pressure but the benefits of such a fix may not be applicable far all
the test cases. Computed actuater pressure (Figure 108) shows good correlation when
cumnared to the test data. The computed pressures in the case drafn clrcuir
in Figures 109 and 110 fail to reach the actual peak pressures. Similarily the inlot
pressure plot ip Figure 111 shous a pesk prediction about 50 psi hipber than the

measured data,
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' ' TABLE 1i.

HYTRAN
130°F 3000 r:

000sSINCLE E=15 PM® TESY SYSTE»

FLUID 0aY¥as FOP

RIL=H=3406
viscosi
OFNSYYY
AR X N0
vaAPDUR

FIT-1P TANEN 4T LINT 18,VEL OF $OUND
FIa=Ub TAKEN AT LEME 1R, VEL OF SAUND
FIv=P TANFM &Y LIME _NoVFL OF SOUND

tine LFNGTa

1 3%2,.7%00
2 10.%000
3 1G. 9002
. 92.6300
s 75,0000
[ 33,9000
’ 28.000¢C
L 26,7000
* 33,5000
10 25,0000
11 2%.0000
j '2%,.1900
33 23,0000
1 2%.0000
1% ?%.0000
1e 2%.0000
17 25,0400
18 2%.95000
1% 8. 0000
20 40.%%0¢C
21 M, 0000
2 T™.1100
3] 4, 1250
T 4.0500
2% 4,9000
ze 24,0000
7 25,7008
t4 L0000
2 25,5200
20 o8, 4900

ENTERNSL
[ 213

Y
«8A40
X111
o88AC
«B840
1 8840
28R40
» 1840
21840
« 8940
Al
«B 140
LIRS
<8540
X 3411
+ 8900
85340
+5949
26045
JAREN
cARAL
FLLLY
Pe.3.11:]
RYLY)
PLL AL
+6940
Lt
28950
Y 1134
» 310

TME TRANSTENT RESRONSE IS $ROR Te0,0
wiTH QUTPUT POINTS SLOTTED AT INTERVALS OF ’ «00200 SECOMOS

M Te

AT 300G6.0 P16, ~ 30,0 PSIG AND 130.0 DEG F

LAd = JImbE-D)
- JA13F-04
AULHS - 2235408

«148E-01INGE2/SEC
«ROIE-JRILA-SECECZ)/INees
+28YEs06PST

ERESS,~  L200F401 AT 130.0 DFG F

™ oLiNe 23 IS
I LIME 24 IS
N LINE 25 18

Pilbaness
«05R0
+0%80
« 0280
<0520
«058)
+05%80
20580
«0%B0
L0380
$ G270
20280
0280
02RO
«Q280
20240
J0/R0

Q780
Q270

SO0
0580
.0%%0
10920
J059¢
2200
N L]
3200
w2t0
G280
080
+02%0

98.4PFR CENT IN ErpOR
SO,6PER CENT IN FRSOR
59.6PEP CENT IN ERRON

Ey e
«3008+08 - 100726
» 3008408 ' 39,5000
+300¢ 008 10,9000
+ 3000008 10,1260
«300%er3 13,0000
+300E+08 11,0000
+IV0Fe08 13,0300
«300¢+08 13,0000
+300€s0K 11,1887
« 300400 12.%000
+300F 20N 12,5090
«JO0EsOR 12,9930
«300F 00 12.%5000
s 360F 00 12.%009
«JOEOR 12,9000
* IPCEL0Y 12,9000
2 JO0TE 08 12.%900
2 300F40F 12.3000
+3ODESO8 12,3020
+ 3005408 10.,042%
3005308 13,0000
«INDEIOR 11,1514
JI0CFIDR s, 1240
AADOE SR 4,000
J300Es08 &, 0700
Py 13 R0 17.%000
«I00F 208 12,9090
cJO0t0e 17,3200
«J00E 08 12.%000
+300€ 400 10, "enk
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INPUT DATA 154. CIS TURN-ON TRANSIENT
LINE DATA

TUPN-OR TRANSEIENT(QA-06s7X)000se

+200 SECOMDS AT TINE INTERVALS OF OELTe ,00020

1] 10.0 DEG £ STEPS

fEEE T YT

[Y3L3¢)
0.361%
29,8624
6,569
4.9819%
65610
[ T313 5]
6,9619
6,538519
10,3544
10,3580
10,3348
10.3%44
10,3%44
10.54%4%
10,3538

18,3346
10,3744

10,3544
s,951%
8.961%
B.561 %
“+581%

29,9824
[ 138 ]
12.31%0¢%
10,3544
10.3%4
10,1854
S.arRy

a1yt ¥

49351.4938
49851,45%0
4¥enl, 3748
[LIEIPTLE L
[LITSPEEL
4953k .8%32
49531,4309
49531,4538
499951,4%38
48193, 7367
“NE93, 7387
A81%3, 7367
AR193. 7167
ARin3, TIRY
49133, 7387
42103,7387
aRIeY, PIAT

L ARLTILTIATY

8197, 7387
£935%,49%¢
895%31,.4%18
4eHRI, 4538
20425, 00090
F IR ]
FOBOG, OO0
42193, 7287
AEIOT TRHY
A2322,7387
ARYB3, THAT
$6137.3294
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TABLE 11. (CONTINUED) HYTRAN INPUT DATA TURN-UN TRANSIENT

coare, 1 MeTEEEP
PE L DATA CARD ' ® 1
REAL CaTa Cacp 0 2
PFaL DaTa Caep v 3
PEAL DATL Caep @ L1
Canpe, ? INTECER
[4:01 4D 3 OINTEGFW
BEAL OatA Caen @ 1
PEAL DATA CAID 4
BEAL DATA Caon @ 3
conee, & INTFGFR
#EAL DATE Caon 8 1
Cnse, 4 terroee
conee, 6 INTFGFO
FEAL DATR Ca3D 8 1
PERL DATA CAID B 2
®FEAL DAY Cs%D @ 3
enree, 7 lwtgcrl'
¥FAL DATS CaID @ 1
(41 2 TY A OINIFGFR
toure, O INTFEFR
conre, 10 JT4MTFGCFR
cnuee, o iMTegrR
tonpe, 1> tNreGEe
Chves, Iy INTEGER
PFAL DATa Caen ¢ 1
Comese, T4 INTFGEw
WEAL DATA CAZN # 1
cnmey, 1% IRTRUER
PFAL DATA Cagn o 1
CCwse, 1A IwYsgeR
85 4T DATA Caon o 1
o~ 29, 17 INTEGFR
{Neoe, tL] I;VFQII
Camre, 1¢  uregse
v, 20 tHicgsa
Fisde, . 11 14§62
Prat Oata fazn 0 1
Lanr e, 2?2 IRTECHwW
PERL DAY fa€Y 8 1
enase, 73 INTFGER
fmes, EL) MTFrER
AN S L ENN L AR X i

Nata 1
JIRTOESON
+3070F¢00
«V00nF 01
+2000F¢01

DaTA 2

DATA 3
«22008-01

2.
3.

DATA 4
JABKOFCO

DATA $

paTx 3
s1000Fe01]

21
q.

nats 7
;IOOO!OCE

DATA e

natTs 9

Darta 10

Gata 11

naTA 12

Gata 13
XTELIZI

naTs 14
AIPRESOL

nata 1%
sSCPREND])

DATs e
AHOZRESCY

DAt& 17

Dsta 14

Data 19

bITNY 20

OAta 21
4 BT 1

Uhfa b4
JRODOFELY

DATA EE)

AER

COMPONENT DATA

51 & 22
L2009 404
+4000F 403
+7500F +00
+4000E +08

M0 1

oy 2
1820037 900
+2€00F =01

6.,

st 1 28
45007 000

nmoos s

2 TR R S
«A500F 400
1RO5F-01

n,

i1 s

+LOO0E*0S

1 > "
it 3 3
e [T
t o n
1 o 1
Ay t 12
NYFLIIY ]
L] P29
NUELI XL
21 [ 2
W4024¢ 901
L] [ S L)
.40245 401
1’ (] I
tt o 17
11 2 s
e 2?0

L3 1 3
«H502F 400
L3 1 -2t

0.
11 2 21
ER ) 8 10

-t =30
+ 1500E 490
10C0F 407
~47000F 400
»3600E-9)
-2 -
-2? 0
o,
«2800E-01
«1270E¢01
-4 [
0o .
- -8
-8 [}
9.
+2000F=01
0.
-7 ‘o
JT621F=01
b -9
-1t -10
~29 -2
27 =13
10 29
-1 [
BEITTRY.
~20 0
«1855E400
“26 [
JAASSEA0C
.17 0
BEISTRYY
s =~1%
26 ~1a
13 .20
21 ~22
-74 0
o,
3 [
0.
-y ze
-19

¢ o o @ o
+2300E¢00 0.
+1300F403  ,47005:03
£50005-02 421006401
«3000E~G1 0.

(] [ ¢ ° [
] [ [ ¢ o
0. e
«2000£400 Q.
212770E¢01 0.

0 [ ¢ [ [
e O 1Y

] ° 0 [} 0
[ ¢ o [ [
0. G

+PO00F 400 ' D,
0. °-

° o ° [ 0
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o o [ .} L]
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] ° o o 5
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[ [ ° [ °
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° 0 0 [ 0
4050602 O,

¢ [ 0 o o
0 o o i) [
6 0 [ ° ¢
0 ° 0 [ o
0 0 0 [ [
o 0.

0 0 [ o 2
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o [ [ [ ©
) [ 3 3
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HYTRAN INPUT DATA TURN-ON TRANSTENT

STEADY STATE INPUT DATA

(CONTINUEL)
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A turn-off transient with an infitial pump outlet flow of 154 CIS was simulated.

The pump outlet pressure measured at the P3 transducer location in Figure '95 1s shown
overpletted on the computer results in Figure 112, Tlie transient valve on the simulatinn
closed about 4 milliseconds too late, but the predicted beak pressure after turn-off

is close to the measured value. The’resultant phasing between the measured and computed
data 18 incorrect. Several changes were made to the HYTRAN input data to try and correct
the simulation. Altering the hanger damping term did not significantly improve the
results. The test data in Figure 112 fndicates that the pump tesponse was damped. The
pressure/flow energy was either absorbed by the pump to strcke the hanger to a low flow
condition or the system had some unknown operaiing characteristics.

The trénsient valve used in the test was pressure opened and spring closed. Looking
at the trace of valve position versus time it appeared that the poppet did bource on '
closure. An attempt was made to try and simulate the poppet bounce. The HYTRAN
recults are shown in Figures 113, 114, 115 and 116. The comnruted pump outlét pressure in
¥igure 113 shows excellent correlation foo the first 60 milliseconds of the simulation.
Aghin the predicted pump undershoot does not correspond to the data. The transient
valve does appear to cause the discrepancy. Unfortunately, on the transient valve,
only the closed or open pesitions provide an accurate reading for the poppet
location. The instrumentation wes nct able to measure intermediate poppet
locations. However, the guessed poppet bounce characteristic 3id improve
the sjwsulation. The undershoot cha;acteristics may be attributable to the pump
sodel. '
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4, P15 INSTRUMENTED PUMP STEADY STATE TESTING

Steady state runs with MIL~H—5666B fluid were made of drive torque
v8. drive speed, contr61 (actuator) pPressure vs. drive gpeed, and cage
drain pressure (internal and external) vs. case drain flow. The steady
state test .onditions afe listed in Table 12. Testing was performed
on the transient test bench (Figure 41.).
The drive torque vs. drive &peed plots in Pigures 117 thru 120 vere uged
to compute the pump power losz (heat rejectior). The ideal power was

calculated as
(PSI*CIS)
IDFAL

Power = (Poutlet . Pinlet) * Qoutlet

The torque is

- ' *
Torque (in-lbs) = PowerIDEAL (Psi * CI3)
RPM % 24/60

. . ‘ TABLE }2
F-15 INSTRUMENTED PuMPp STEADY STATE TESTING - 3000 ps1

‘ ' RESERVOTR
. M GuTLYY MMP INLET PRESSIRE COMPENSATOR SRYTING
o ¥ TEST CCaviTION oW (CT8) TEHP (*F) {rsic) PsIg)
s L A e e e ;‘M'MM::;T:::‘MMMM'MMWMM-:;’?;‘:
1 T va DS 2000 *S500 TINOO R suw P .7 9241064114 52 patg Joég
2 BT »& 05 (000 S6° 1600 Rp SYEEP v.0 99 105 115 48-52 kg
b 0T va DS FOOO | SO0D ICA /M NERp 2.7 20% 204 213 8.3 ' Izan
4 BT ve DS 109G 5000 1000 K gympp 0.0 208 200 263 &7 e
& PCovs DS 107G 3000 mpw SWEEP 0.0 102 108 0 3060
[ PCve 0S 1007 5000 1000 ReW swER~ 77.0 96 93 94 Y 3040
7 PC ve DS 100D 5000 foap R suryy 0.0 9% 107 118 50 3040
] int. . Ocd # 4200 pow 9.7 103 s 3040
4 % %4 107 n 3Cha
{4 . 9.2 99 51 33460
1 ttowa Gl ©Gnn arw 1.5 106 s 364Q
12 Pod fnt. and Bod gy, 9.2 $7 . s e
13 Pod e, mnd ¥og mp 1.5 103 5t kot
14 ¥ ot snd Ped LELN 77 97 31 304G
13 Ped tat . and pog L=t 7.7 100 48 D
18 Ped Lot and Pod gur . Lo 94 50 ' 3047
2 Mod iee, aud £4 LT 77 204 32 xea
18 Ped Int, asd Ped ogyr, wg 1.7 193 : 30 g
19 Ped ot and pod amo i.o 198 &9 IR
26 Pod tax, end i.0 ' 202 48 ' el
2§ !":-d fnt, anf; 1.7 291 53 i
4. ed Iwt. snd fod 7.7 w 5.5 %44
23 Ped fnr, sad 1.0 112 0.5 232@
24 Fed 31, wod Rod wyp . 7 200 3.0 Qg2
23 Ped int, and ped cEL. wa, Qod A 4000 ppw 1.g 1er 56, %40
o4
AU
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The power loss is the difference between the ideal and measured values.
The results are plotted in Figure 121. The heat rejection characteristics
were gimilar to the original pump data. (3.8 HP € &4560rpm,200°F,0 O CIS
outlet flow) ‘

Figures 122, 123 end 124 show plots of pump antuator pressure versus
drive RPM. The pressure spike at 1620 RPM in all three plots corresponds
to a mechanical resonant éondition of the compensator spool.

_ Plots of case drain pressure vs case flow were made for the conditions
in Table 12.
The steadvy state pump tests sti11 show an instability in the case

Some of the steady state plots are shown in Figures 125 thru 130,

drain pressure vs flow graphs at the low pump outlet flows. The instability

occurs transiéntly as the flow control vaiue in the cace drain iine is adjusted.

Anyllooping effect results from the inability of the plotting device to adequately

respond to the pressure signal. The origin of this anomaly in the pump is not known.
The 3C00 psi steady state tests indicate a.slight increase in the case drain

flow from the previous testing. The increase may be attributable to the lack of a

leakage path provided by the "wiped" port plate on the original pump.

FICURE 121.
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SECTION 1V

VANE PUMP MODEL DEVELOPMENT AND VERIFICATION

Models of a variable volume vane pump were developed for the frequency
(HSFR) aml transient (HYTRAN) computer programs. The main fuel pump on the F-100
turbojet engine consists of a variable volume vane stage and a centrifugal boost
stage. The pump was designed by Chandler Evans Inc., Controls Systems Division
(CECO). A specislly instrumented vane stage unit was supplied by CECO for
computer model test verificétion. The bédst stage was replaced with a plate
which contained inlet and lubrication supply ports. The pump was tested

'with (MIL-K-56063) hydraulic oil in order to make use of the existing

verification test and test data processing facility at MCAIR. MIL-H-5606B
is slightly more dense and viscous than the normal pump fluid media, JP-4
engine fuel. ' '
1 . VANE PUMP HSFR MODEL DEVELOPMENT AND VERIFICATION

a. HSFR Model

A frequency domain model of the vane pump was developed for use with
the HSFR program. The model is similar to the existing piston pump
model contained in References 2 and 3 HSFR program user
and teéhnical description manuals. User and technical desciiption
manual materiél for the vane pump model are contained in Appendix E.

b. HSFR Verification Test Set-Up and Procedure

Figure 141 isa schematic of the test set-up used for measurement of

vane pump pressure pulsatiuns. The test circuit plumbing size and
.length simulated the actual installation on the F-100 engine for the

pump to metering valve flow ard semsing lines. The throttle operated

main fuel metéring valve is an integral part of the engiue unified
controller unit. A ball valve was used to simulate the metering function.
The pump control varies outlat flow to maintain a 60 psi drop across

the wetering valve. Downstvezm valves were used to create circuit

back pressures (300-900 psig) similar to that of the actual sysiem.
Reservoir (F-4 hydraulic) bootstrap preséure was {ndependently controllable
80 that pump suction prevsure could be varied. The vane stage pump inlet
pressure was raintained at the maximum reservoir capability (53-64 psig)
during sll tests éxcepﬁ for runs made at 35 -42 pelg. Vane stage inlet

pressure irom the boozt stage is normally about 120 peig.
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The vane pump was driven by a direct drive 200 hp AC electric motor
vith variable frequency speed control up to 7000 rpm. A 5/1 speed incfeaser
loaned to MCAIR by CECO provided the proper drive interface to the vane pump
whose rated speed is 15,000 rpm.

Pump pulsations were mapped in the cutlet and upstream control lines

with & roving Kistler transducer. Pump outlet maximum flcv rates were set

s

LA ' at 8, 20, and 30 gpm to vary the internal timing of the pump outlet flow
porting. Pressure pulsation amplitudes were recorded for total and harmonic
responses as the pump speed was swept from 5000 to 15000 rpm. The pump
remained on full stroke until a speed was achieved where puip capacity exceeded

the metering valve flow setting. Tw> levels of air content (2% and 177)

were testad to check the effect of dissolved air on pump outlet pulsations.

c. Test Run Summary

@ e o AR K A 7 AP o e S R

Table 14 presents a summary of test runs and test conditions sor the
vane pump frequency tests. Pump inlet oil temperatures were from 115° i
i ‘ to 135°F during all tests. :

d. Tést Results and Discussion

Pttt s e e e e

Typical test results are presented herein. Test data for all runs are

s n Y

on file at MCAIR. Figure 142 compares toral pressures at the pump outlet
port (P1) for maximum outlet flows of 8, 20, and 30 gpm. Pulsations in-

crease in amplitude with decreasing flow. This is as expected since the pump

is apparently timed for minimum pulsations atAhigher flow rates. This accounts
for the ch#tacteristic of increasing pulsation amplitudes as speed increases

at a constant outlet flow rate. Total pulsations at the outlet port reach

a maximum of 210 psi peak-~peak (p-p) at 14,000-14,500 rpm. Figures 143, 144
and 145 show harmonic analysis of the outlet port pressure pulsations (P1)

at 8 gpm. -The fundamental pumping frequency (Figure 143 contains mcst of

the pulsation énergy, t.e. 98 psi peak or 196 psi p-p at 14,000 rpm. Thé
fundamental pumping frequency is 4000 hz at 15000 rpm. Second and third
harmonfic pulsations (Figures 144 and 145) exhibit very low amplitudes,

A s

<20 psi p-p.
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Roving transducer data For total pulsations in the outlet lina2 near the
metering valve are shown in Figures 146, 147 and 148. Fundamental responses
at these positions are showu in Figures 149 through 15f. These alsc show the geueral
trend of increasing pulsaticn amplitudes with increasing speed. Standing
waves of tne fundartental frejquency pﬁlsations for thfee system rescnant pump
speeds (11,300, 17,300, wnd 15,000 rpm) are shown in Figures 157, 158 and 159.
These sianding wav:s exist ia the main line between thz pump and metering

valve, and are the rewull of acoustic energy reflected by the tetering valve.
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Typical total,bressute pulsations near the pump in the upstreanm
control line are shown in Figure 160.for toth fixed (P2) and roving
transducers (S1,52). Standing waves in the sensing line for the
fundamental pulsations at 11,300 rpm and 15,000 rpm are shown in Figures 161.
and 162, Total pulsatfons of up to 1000 psi p-p -zere recérded fn the .
upstream sensing line. This 4s & small (1/4 OD), dead-ended line er-ocsed
to 8 strong acoustic source at the main fuel line. Such a line exhibits
a 1/4 wavelength resonant frequency. Pulsating flow in the large main line
(3/4 0.n.) is capable of generating very large pressure amplitudes in the
small sensing line. Continuvous oump operétton at a‘resonaht speed could cause
adverse effects in the pump with such high pressure pulsations in the
sensing line. The pulsation frequency 1a probahly far sbove the ceatta} valve
spring/mass natural frequency, therefore the valve does not respond to the
high amplitude pulsationa. However, early fatigue follure could fésult to
parts exposed to the pump sensing port pressure pulsationa.
, Figure 163 shows tota) and furxlamentsl esse inlel gressuve pulsestions
‘ for an 8 gpm flow rate. Total c&ue'préaﬁmrﬁ pulsarions resched & monizum
g of 130 pai p-p. Case pulaations are the reselt of vare {nlet pert timing and
: the test eet-up inler system. Case pulsations in the cemplete momp unit are
also iafluenced by the output of the boost stage low flow fwpeller.
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Figure 164 ghows outlet (P1A) and upstream control port (P2A) pressure
pulsations for a 17% dissolved air content at an 8 gpm flow ratea. Inlet
pressure was 62 paig. Outlet pulsations are slightly less thar with IX air
and a 43 psig inlet pressure (Figure 147), Control line pulsations are slightly
higher than with 2% air and the same inlet pressure (Figure 160}, These
1imited tests suggest that the vane stage is not unduly sensitive tc normal
jevels of diesolved air in the pumpiag fluid. Normal inlet pressure to the vaue
stage is boosted to about 120 psig, which makes the pump even less szensitive

to air content. The tests were run at inlet pressures of 63 psig or less.
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FIGURE 164,

iUIAL PRESSURE PULSATIONS - 8 GPM, 177 AIR,
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An HSFR computer sinulation was made baing the test conditions of run number

97~3A. The vane pump outlet flow was 30 gpm. The simulated test system included the
components shown in Figure 141 from the vame pump to the load valve, including the
high and low pressure sense lines terminating in the pump. A one cubic inch volume
was assumed at these end points. The HSFR input data defining the system is listed
in Table 15. | |
FPigure 165 shows the computed fundamental peak pressure at the pump outlet Qnd
the measured fundamental response. ‘%he test data 1s quiet showing no major resonant
frequenciles through the rpm sweep. The system frequencies are close together because
of the effects of long Lines 1n the system. The load valve in the circuit did not
provide a strors reflectfon pnint, so the measured data probably reflects system
line resonant responses down ¢. the reservoir. The HSFR circuit termination was
the load valve aﬂd the lack of frequency correlation may be attributable to this.
The comparisoa between the measured and computed fundamental responses and also shown
at the load valve in Figure 166. o
The control lines braaching to the vane pump servo valve had well defined
boundary conditions. Figure 167 compares the m2asured fundamental peak and total
pressure pulsations with the HBSFR predicted results at the high pressure sense line
inlet. The program was able to predict the stong rescnance points at 7800 and 10,100,
although the computed higher pulnt at 12;500 rpm wés approximately 300 rpm in error
from the data. The uweasured and predicted response for the low pressure sense line
at the puvmp is shown in Figure 168. The program computed five major reconant peaks
compared to the measured four. Amplitude correlation for all the plots is poor.
This has been the general pattern for the HSFR runs, The vane pump model
operation is very similar to the piston pump mcdel, Therefore, this type of

characteristic was not unexpected.
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2., VANE PUMP HYTRAN MODEL DEVELOPMENT AND VERIFICATION

a. HBYTRAN Model _

A transient model of the vane pump was developed for use with the HYTRAN
Program., Specific design parameters such as servovalve flow area versus stroke,
"the relation between cam location and maximum pump flow, and the servo piston
loading were provided by CECO and used in che HYTRAN model. User and
technical description manual sections for the transient vane pump model are
contained in Appendix E.

b. HYTRAN Verification '}’ests and Test Set-up

The transieﬁt tegting on the CECO vane pump‘ was performed on the system
illustrated in Figure 169. The transient test set-up is a close approximation
of the fuel aystem installed on the F-100 engine. Extra lines were added
upstream and downstream of the flow valve to provide at least one calculation

interval for the HYTRAN program at the sampled data rate.

44.13in, 25.75 in.~}=—24 5 in. 205 in.—=-}
(—~——° ’ ' , — 5.75 in. ,

265 in. \ P T ey ave P5

. ) Flow

l 34 in. Valve

42in. ' 115 in.

Heat Backpress [ gad

Valve Vaive l:

1 18in.
Valve ‘ e »
. Bunasg Vatve

]

i Out HzOIn

]

§

“% P rR-1ENe-?
H FIGURE 162

CECD VANE pURP
Steady State and Transiant Regpanse Tert Set-Up Schematic
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Table 16 contains a listing of the gystem and pump parameters recorded
during the transient testing. Figure 170 is a schematié showing the pump
instrumentation and Figure 171 is a schematic cross section of the vane stage

pump. A photograph of the instrumented pump, speed increaser, and drive is
shown in Figure 172,

. EXTERNAL

INTERNAL

TABLE 16

CECO PUMP MODEL VERIFICATION TESTS

INSTRUMENTATION REQUIREMENTS

CONTROL VALVE PRESSURE (P4)

S7STEM RETURN PRESSURE (P5, P7)

' SUCTION PRESSURE (P6) '

RETURN FLOW (Q1)

TRANSIENT CONTROL VALVE POSITION (XCV)
PUMP OUTLET PRESSURE (P1)

PUMP INLET PRESSURE (P8)

SERVOVALVE CONTROL PRESSURE HIGH SIDE (P2)
SERVOVALVE CONTROL PRESSURE LOW SIDE (P3)

SERVOVALVE CONTROL DIFFERENTIAL PRESSURE (P2-P3)

SERVO PISTON PRESSURE (LARGE ARTA, INCREASE FLOW SIDE) (PCl)

SERVO PISTON PRESSURE (SMALL ARFA, DECREASE FLOW SIDE) (PC2)

SERVOVALVE POSITION (XCV)
BALANCE PISTON POSITION TOP (XBPl)
BALANCE PISTON POSITION BOTTOM (XBP2)

SERVO PISTOR POSITION (XP)
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FIGURE 170. CECO MFP INSTRUMENTATION SCHEMATIC
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A N b St e £

T e e g

et ¢ e




FIGURE 172
CECO VANE PUMP
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The transient flow control valve was a ball type hand valve located
next to the P4 transducer in Figure 169. To obtain the desired transient
flow changes in 20 and 40 milliseconds, the valve was powarea by a hydranlic
actuator attached to the valve lever arm. Figure 173 shows the control
set-up for the transient flow valve. Flow rates at valve open and closed
positions werevregulated by adding spacers on the rod end of the actuator.
The actuator was driven by an independent power supply. The accumulator was
charged by system pressure then isolated from the system piior to the transient.

An electrical signal to the servo valve provided the command to stroke the

actuator.

RS

QP7e. 089%-2

FIGURE 123
CONTROL SET UP FOR METERING VALVE
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Transient tests in the lab were run to establ/sh load level, loading rate, speed,

temperature and inlet cavitation effects on the vane pump. Table 17 lists the tests
that were made with the vane pump test set-up. When running the transient test steps

were taken to assure that the pumps internal relief valve did not cpen. Also

since the pump internal portirg was ti~] for high flow conditions, the
dwell time at low flow was minimized. - P

TAXLE 17
| CECO PUMP MODEL
YRANSIENT VEKIFICATION TESTS

Steady State Flow L. Valve Operating Pump :Z:;d
Rates (GPM) . Time (Ser) ' ipeed (°F) Reservoir Run

Hi Lo On off (RPM) +10°F  Pressure (¢316)  Number
1. LOAD_LEVEL EFFECTS _ 97-108Xx
35 8 .020 070 15000 120 55 9T-114XX
20 8 .020 [000 15000 120 56 97-124Xx
2. LOADING RATE EFFECTS ‘
35 8 .0bos 0k0 15000 129 5 971 301K .
3. SVEED EFFECTS
35 8 .020 .020 11500 120 55 9T-1kexX
35 8 .020 070 13500 120 55 9T~1548K
h. TEMPERATURE FFFECTS
3B . 8 .920 .00 15000 210 - LT-164XX
5. INLET CAVITATION ‘ '
15 8 020 000 - 15000 120 n 9T-174XX
35 8 020 .00 15000 120 ny 97184

MITES: 1. XX denctes turn-on and turn-off trensients

2. 9T-108XX zame ar run 97-11 excent with <700 psi back pres-yre
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c. HYTRAN Simulation and Discussion

Test results for turn-on and turn-off transient runs were compared to the
HYTRAN vane pump model. A computer simulation of the vane pump system
was made with the IYTRAN program. The HYTRAN block diagram of the test
system is shown in Figure174. The elements which make dp the system
are divided into components and lines. The lines are numbete& sequentially
and have upstream and downstream ends. The components are also nunbered
in a separate sequence. Mode numbers are asskgned to the points at
which the flow divides or combines under steady state flow conditious
and leé numbers are labeled between two nodes. The simulation consisted
of funning the HYTRAN program under lub test coniiticns. Initially,
measured test data was used as boundary conditions in the simulation.
The test data was too noisy and better results were achieved by modeling
the entire tést system. A turn-on transient was made with the test
conditions similar to run number 97-13+XX. The turn-off trénsient was

made with test conditions similar to run number 97-13-XX.
During the turn-on transient, flow through the metering valve was set

_at 30 CIS.' Flow rate was initialized in the steady state portion of the
program. Flow ws then increased tc 130 CIS by opening the flowv control
valve in approximately 40 milliseconds. The HYTRAN input data fuor the turn-on
transient is listed im Table 18, The‘results of the computer simulation are
presented in Figures 175 through 185,

The computed versus measured pump outlet pressure is plotted in T“{gure 175.
Figures 176 and 177 show thé comparison of the contreol preszures on the high
and low side of the pumps internal servo valve. The pressure upstream of the
transient flow valve is plotted in Figure‘178, and Filgure 179 s the pressﬁre
34.0 inches along line number 7. The computed pressure daté in these graphs
indicate good transient correlation with the measured results. It appears
that the final computed steady state pressure level is about 50 psi lower
than the data even though Figﬁre 180 indicates that the steady state flows

are correct.
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The computed wetering head grescure differentiail in Figure 181’coftesponds

well to the measured

in subtracting the two contioal signals (PZ and P3).

dava,

The data noise results from irstrumentation error

The servo valve dis-

placement 1nyFigure 182 and the orctuator positicn in Figure 183 correlate very

well to tes. aa‘ta.

However, the slight delay in moving the servo wvalve

back to the null position results in the computation of erronecus actuator

pressures (Figures 184 and 185).
taken into account {n this model.

transient operating conditions is not well defined.

Actuator friction and stiction are not

Also the Joading on the actuators under

These areas of the model

can be improved with more thorough test data than the set-up in the hydraulics

1ab was to obtain.

Plots bf the turn-off trarsient simulation at the same test coaditions

are shown in Figures

186 through 198.

Again the slight delay in the computed

serve valve position in Figure 195 causes the actuator pressures to be in~

correct, although there is better correlatinn than for the turn-on case. The

addition of an accurate pressure dependent load curve on the actuator would

probably improve this simulatfon.
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